Abstract. The lectin-like oxidized low-density lipoprotein receptor-1 (LOX-1), plays an important role in angiotension II (Ang II)-induced hypertensive renal injury associated with pro-inflammatory responses, tubular functional damage and cellular apotosis. In this study, we report on the role of LOX-1 in Ang II-induced oxidative functional damage and underlying signaling in human renal proximal tubular epithelial cells (HRPTEpiCs). The exposure to Ang II enhanced the expression of the NADPH oxidases (the p22phox, p47phox and Nox4 subunits), LOX-1 and the adhesion molecule, ICAM-1. It also promoted monocytic U937 cell adherences to HRPTEpiCs, increased reactive oxygen species formation and stimulated apotosis, which was concomitant with an increase in the activation of p38 and p44/42 mitogen-activated protein kinases (MAPK). Furthermore, the Ang II treatment disturbed the balance of the Bcl-2 family proteins, destabilized mitochondrial membrane potential, and subsequently triggered the release of cytochrome c into the cytosol, causing the activation of caspase-3. The NADPH oxidase inhibitors and LOX-1 small interfering RNA markedly ameliorated these detrimental effects by reducing LOX-1 expression and MAPK activation. The p38 and p44/42MAPK inhibitors also inhibited the Ang II-induced functional damage without affecting LOX-1 expression in the HRPTEpiCs. These observations suggest that LOX-1 mediates Ang II-induced renal tubular epithelial dysfunction. In addition, MAPK pathway activation occurs downstream of the Ang II/reactive oxygen species/ LOX-1 cascade.
Introduction
A growing body of evidence indicates that the lectin-like oxidized low-density lipoprotein (LDL) receptor-1 (LOX-1)
plays an important role in the pathophysiology of renal diseases. LOX-1 is strongly expressed in the kidneys of saltloaded Dahl salt-sensitive, obese diabetic and chronic renal failure rats. Additionally, LOX-1 expression parallels renal dysfunction, suggesting a possible link between LOX-1 and the progression of renal failure (1-3). Dominguez et al have shown that obese rats, a model of metabolic syndrome in which hypertension is the dominant feature, present with renal enlargement, intense oxidative stress, lipid accumulation, leukocyte infiltration, as well as renal dysfunction and fibrosis. These rats also showed LOX-1 overexpression, and treatment with anti-LOX-1 antibody significantly limited or prevented the detrimental effects of obesity on renal function (4) . In vitro, the exposure of normal rat proximal tubules to oxidized LDL (oxLDL) has been shown to markedly increase levels of LOX-1. In addition, oxLDL exposure, changed their quiescent epithelial phenotype into a pro-inflammatory one, which is characterized by reduced E-cadherin expression, greater epithelial permeability, increased ICAM-1 expression, enhanced leukocyte adherence and apoptosis (2) . The action of oxLDL was partially blocked by an anti-LOX-1 antibody, indicating that oxLDL activity is dependent on LOX-1. On the whole, these observations suggest that the up-regulation of LOX-1 promotes apoptosis and the production of inflammatory and profibrotic mediators in tubular epithelial cells, culminating in inflammation, tubular atrophy, interstitial fibrosis.
The renin-angiotensin system and its effector hormone, angiotensin II (Ang II), have well-known endocrine properties that contribute to renal fibrosis. In addition to its vasoactive and hemodynamic effects, Ang II also acts directly as a growth factor and pro-inflammatory cytokine (5) . Previous studies have shown that Ang II, through the activation of Ang II receptor type 1 (AT1), stimulates LOX-1 expression on the transcriptional level, and that an active NF-κB binding site is necessary for this induction (6) . In turn, LOX-1 activation up-regulates AT1 receptor expression (7) . The activation of both the AT1 and LOX-1 receptors induces a state of oxidative stress, resulting in the production of superoxide anion. Superoxide anion serves as a signaling molecule, mediating the activity of NF-κB, which co-ordinates the upregulation of pro-inflammatory gene expression including LOX-1, monocyte chemotactic protein-1 and ICAM-1. These conditions enhance oxidative stress, alter cell function and activate apoptosis, promoting the development of renal fibrosis and damage (6, 8, 9) . A recent study has indicated that the targeted deletion of LOX-1 reduces Ang II-induced hypertensive renal injury, suggesting that there is cross-talk between oxidative stress, LOX-1 and Ang II in the genesis of hypertension and renal injury (10) . In order to gain further insight into the effects of LOX-1 on Ang II-mediated renal injury, we conducted the present study examining the effects of Ang II activation on LOX-1 expression and the role of LOX-1 in Ang II-induced oxidative functional damage in human renal proximal tubular epithelial cells (HRPTEpiCs).
Materials and methods
Cell culture. All experiments were done using HRPTEpiCs (ScienCell, San Diego, CA, USA) isolated from human renal tissue. The HRPTEpiCs were cultured in epithelial cell medium (EpiCM; ScienCell) supplemented with 2% fetal bovine serum (FBS). U937 cells, originally derived from human histiocytic lymphoma, were obtained from the American Type Culture Collection (Rockville, MD, USA). The U937 cells were grown in suspension culture in RPMI medium supplemented with penicillin/streptomycin and 5% FBS.
Materials and reagents.
The following reagents and antibodies were purchased: the p38 MAPK inhibitors, SB203580 (Sigma-Aldrich, St. Louis, MO, USA) and SB202190 (EMD Chemicals, Gibbstown, NJ, USA), the p44/42MAPK inhibitors, U0126 (Sigma-Aldrich) and PD98059 (EMD Chemicals), and the NADPH oxidase inhibitors, apocynin (Sigma-Aldrich) and diphenyliodonium (DPI) (SigmaAldrich). PD98059, SB203580, SB202190, DPI and apocynin were dissolved in Me 2 SO. The final concentration of Me 2 SO was <0.1% in these experiments. The terminal deoxynucleotidyl transferase-mediated dUTP nick endlabeling (TUNEL) cell apoptosis detection kit, JC-1 probe, the lactate dehydrogenase (LDH) activity kit and the caspase-3 activity assay kit, were provided by the Beyotime Institute of Biotechnology (Haimen, China). PCR primers were supplied by Sangon (Shanghai, China).
LOX-1 siRNA synthesis and transfection. Target sequences for human LOX-1 small interfering RNA (siRNA) were designed by GenBank, accession no. NM_002543.3, and siRNAs were synthesized by Invitrogen (Carlsbad, CA, USA). Different LOX-1 siRNAs were tested in the initial transfections and subsequent reverse transcription polymerase chain reaction (RT-PCR) and Western blot experiments. The oligonucleotides used to generate the LOX-1 siRNA chosen for use in this expriment were as follows: LOX-1-828 sense (named after the translation start site), 5'-CCCUUCAG GUACCUGUGCAUAUAUA-3' and LOX-1-828 antisense, 5'-UAUAUAUGCACAGGUACCUGAAGGG-3'. For the negative control, HRPTEpiC cultures were transfected with the control (non-targeting) siRNA duplex, designed by Invitrogen, with sequences not homologous to the genes in vertebrate transcriptome. The HRPTEpiCs were transfected in a culture vessel at 40-50% confluence, according to the manufacturer's instructions (Invitrogen). RNAi duplex and lipofectamine RNAiMAX were each diluted with Opti-MEMI-reduced serum medium (Invitrogen). We then mixed the diluted RNAi duplex with the diluted lipofectamine RNAiMAX, and added this solution to the cells in a microplate to a final RNA concentration of 10 nM. After transfection for 6 h, the supernatant was replaced with 2% FBS EpiCM and the cells were incubated for 24 h. Finally, the cells were treated with 10 -6 mol/l Ang II for 24 h and then harvested.
RNA extraction and RT-PCR. Total RNA was extracted from the cells using TRIzol reagent (Invitrogen) according to the manufacturer's instructions. A reverse transcription kit (Gibco BR) was used to generate cDNA. First-stand cDNA was synthesized using oligonucleotide primers and M-MLV reverse transcriptase (Promega, Madison, WI, USA) before PCR amplification. Human LOX-1 primers (forward, 5'-TTA CTCTCCATGGTGGTGCC-3' and reverse, 5'-AGCTTCTT CTDCTTGTTGCC-3') and ß-actin (forward, 5'-CTCCAT CCTGGCCTCGCTGT-3' and reverse, 5'-GCTGTCACCT TCACCGTTCC-3'), were designed to amplify the respective regions. A 193-bp human LOX-1 cDNA and a 268-bp ß-actin cDNA fragment were amplified enzymatically in 30 and 28 cycles, respectively. Reaction mixtures were separated on 1.5% agarose gels containing ethidium bromide, and the bands were detected under UV light and analyzed with a Syngene bio-imaging system (Hercules, CA, USA).
Western blot analysis. The cells were lysed in RIPA lysis buffer (50 mM Tris, pH 7.4), 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, and 0.1% SDS). Protein concentrations were determined using a BCA protein assay kit (Beyotime). Samples were separated by 10% SDS-PAGE and then transferred to nitrocellulose membranes (Bio-Rad). After incubation in blocking solution (5% non-fat milk; Sigma), the membranes were incubated with primary antibodies overnight at 4˚C. The following antibodies were used: Rabbit polyclonal anti-LOX-1 antibody (1:5000; LifeSpan BioSciences, Seattle, WA, USA), mouse monoclonal anti-ICAM-1 antibody (MEM-111) (1:3000; Abcam, Cambridge, MA) and mouse monoclonal anti-ß-actin antibody (1:5000; Sigma). Anti-rabbit and anti-mouse IgG secondary antibodies were conjugated with horseradish peroxidase (Beyotime, Jiangshu, China). Proteins were detected with the Amersham ECL chemiluminescence system (GE Healthcare, Piscataway, NJ, USA). The densities of protein bands relative to ß-actin, were determined. The expression patterns of the p38, and p44/42 MAPK isoforms, the NADPH oxidase subunits (p22phox, p47phox and Nox-4) and cytochrome c (1:1000) were also assessed by Western blot analysis.
Isolation of cytosolic fraction for cytochrome c analysis.
After the cells were treated with Ang II in the presence or absence of LOX-1 siRNA, they were collected and lysed with lysis buffer (20 mM HEPES/NaOH, pH 7.5, 250 mM sucrose, 10 mM KCl, 2 mM MgCl 2 , 1 mM EDTA, 1 mM DTT and protease inhibitor cocktail) for 20 min on ice. The samples were then homogenized by 10 passages through a 2-gauge needle and the homogenate was then centrifuged at 12,000 rpm for 20 min at 4˚C. A volume of cell lysates containing 30 μg of protein was analyzed by Western blot analysis.
Adhesion assay. HRPTEpiCs were cultured in 6-well flatbottomed plates for 1 day. The cells were then pre-transfected with LOX-1 siRNA as previously described and U937 cells [pre-labeled with 5 mg/l BCECF-AM (Sigma-Aldrich) for 30 min in RPMI at a density of 4x10 6 cell/ml] were then added. The cells were allowed to adhere at 37˚C for 1 h in a 5% CO 2 incubator. The non-adherent cells were removed by gentle aspiration. The plates were washed 3 times with EpiCM before lysis with 0.1% Triton X-100. The number of adherent cells was estimated by microscopic examination. Fluorescence intensity was measured at 485-nm excitation and 538-nm emission using a Labsystems fluorescence microplate reader.
Determination of cytotoxicity.
At the end of stimulation, mitochondrial dehydrogenase activity, which can be used as an index of cell viability, was assessed using the previously described 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT) assay (11) . Plasma membrane integrity was assessed by measuring LDH release using an LDH diagnostic kit according to the manufacturer's instructions.
Measurement of reactive oxygen species (ROS) in HK-2 cells. Intracellular ROS generation was measured using 5-
at a concentration of 10 μM. The cells were pre-transfected with LOX siRNA as indicated above, then Ang II was added for 2 h. Finally, the cells were rinsed with PBS and CM-H 2 DCFDA was added. Fluorescence intensity was measured using a Labsystems fluorescence microplate reader. Results are expressed as ratios to the control conditions.
Measurement of mitochondrial membrane potential.
A JC-1 probe was employed to measure mitochondrial depolarization in the HRPTEpiCs. JC-1 exists either as a green fluorescent monomer at depolarized membrane potentials or as a red fluorescent J-aggregate at hyperpolarized membrane potentials. JC-1 exhibits potential-dependent accumulation in mitochondria, which is indicated by a fluorescence emission shift from 529 to 590 nm. After the HRPTEpiCs were treated with 10 -6 mol/l Ang II for 24 h in the presence or absence of LOX-1 siRNA, the cells were rinsed with medium, and JC-1 was loaded. After 20 min of incubation at 37˚C, the cells were examined under an Olympus IX70 fluorescence microscope (Japan). Mitochondrial depolarization was indicated by an increase in the green/red fluorescence intensity ratio.
TUNEL. The TUNEL method was performed to label the 3'-ends of fragmented DNA in apoptotic HRPTEpiCs. After the HRPTEpiCs were treated as indicated above, the cells were rinsed with PBS, permeabilized with 0.1% Triton X-100, and finally incubated with TUNEL labeling mix for 60 min at 37˚C. FITC-labeled TUNEL-positive cells were imaged by fluorescence microscopy with a 488-nm excitation and 530-nm emission filter.
Caspase-3 activity. After lysis by repeated freeze-thaw, the cells were incubated on ice for 15 min and then centrifuged at 15,000 x g for 20 min. Protein concentrations were determined by the Bradford assay. Caspase-3 activity was measured by the cleavage of the chromogenic caspase substrate, acetylAsp-Glu-Val-Asp p-nitroanilide (Ac-DEVD-pNA). Total protein (~40 μg) was added to the reaction buffer containing Ac-DEVD-pNA (2 mM). The resulting solution was incubated for 2 h at 37˚C, and then the absorbance of yellow pNA cleaved from its precursor was measured using a spectrometer at 405 nm. Caspase-3 activity, normalized to the total protein concentrations of the cell lysates, was then expressed as a fold change compared to the baseline caspase activity of the control cells cultured in EPiCM with 2% FBS.
Statistical analysis. Data were analyzed by one-way ANOVA (analysis of variance), and multiple comparisons between the treatment groups were made using the Dunnett or Bonferroni tests. The results were expressed as the means ± SEM. Values of P<0.05 were considered statistically significant.
Results

Induction of LOX-1 gene and protein expression by Ang II in
HRPTEpiCs. The luminal expression of LOX-1 in renal epithelial cells is a novel finding. Accordingly, evidence of the direct effects of oxLDL on the tubular epithelium was sought in cultured NRK52E cells, which are derived from normal rat proximal tubules (2) . The incubation of HRPTEpiCs for 24 h with increasing Ang II concentrations (10 -9 -10 -5 mol/l) enhanced LOX-1 mRNA and protein expression in these cells in a dose-dependent manner. Maximal effects were observed with a concentration of 10 -5 mol/l Ang II. Treatment of the HRPTEpiCs for 6-48 h with 10 -6 mol/l Ang II, caused LOX-1 mRNA and protein levels to markedly increase in a timedependent manner, with maximal effects on LOX-1 protein expression at 48 h. The LOX-1 mRNA levels, normalized to the ß-actin mRNA levels, are shown in Fig. 1A . The LOX-1 protein levels normalized to the ß-actin levels are shown in Fig. 1B .
Role of LOX-1 in Ang II-induced ICAM-1 expression and adherence of U937 cells to HRPTEpiCs.
In order to determine whether the Ang II-induced ICAM-1 expression is mediated by LOX-1, we conducted a series of silencing experiments with LOX-1 siRNA. As previously described, the Ang IItreated cultured tubular epithelial cells showed the same upregulation of LOX-1 and ICAM-1 protein after 24-h exposure as did the untreated cells. In contrast, the LOX-1 up-regulation was almost abolished when the cells were transfected with 10 nM LOX-1 siRNA before exposure to Ang II. The expression analysis of ICAM-1 gave a similar result ( Fig. 2A) . Specifically, the LOX-1 knockdown was sufficient to prevent ICAM-1 expression after the treatment with Ang II. In parallel experiments, we sought to determine whether the Ang IIinduced monocyte adhesion to the HRPTEpiCs is mediated by LOX-1. Confluent monolayers of HRPTEpiCs were pretreated with LOX-1 siRNA and then stimulated with Ang II for 24 h, followed by incubation with U937 cells for 2 h at 37˚C. As shown in Fig. 2B , Ang II stimulated an increase in the adherence of U937 cells to HRPTEpiCs (356±23%, P<0.01). However, the effect was significantly inhibited after treatment with LOX-1 siRNA (144±10%, P<0.01). In order to test the involvement of ICAM-1 in the Ang II-induced monocyte adhesion to the HRPTEpiCs, we incubated the monocytes with Ang II-treated HRPTEpiCs in the presence of anti-CD18 antibody (10 mg/l). The addition of the antibody lead to a significant decrease in ICAM-1-dependent monocyte binding. Non-specific IgG had no effect. These data suggest that the suppression of endogenous LOX-1 inhibits Ang IIinduced ICAM-1 expression and monocyte adhesion.
LOX-1 mediated Ang II-induced cytotoxicity in HRPTEpiCs.
In order to examine the effects of Ang II on the morpho- logical features of HRPTEpiCs, phase-contrast microscopy (Olympus IX70, Japan) was performed (Fig. 3A) . The number of shrunken cells and cells with blebbing membranes significantly increased after 24-h exposure to Ang II. This cytotoxic effect was prevented by treating the cells with LOX-1 siRNA. The viability of the cells incubated with Ang II in the presence or absence of LOX siRNA was assessed by MTT assay (Fig. 3B) , and membrane permeability was assayed by LDH release (Fig. 3C) . The treatment of confluent HRPTEpiCs with Ang II for 24 h resulted in a significant decrease in cellular viability and an increase in membrane permeability compared to the control cells and those preincubated with LOX-1 siRNA. These results suggest that LOX-1 knockdown is a potent inhibitor of Ang II-induced cytotoxicity in cultured HRPTEpiCs.
Role of LOX-1 in Ang II-induced apoptosis in HRPTEpiCs.
As the inhibition of mitochondrial disruption accounts for the anti-apoptotic effect, we tested the effects of LOX-1 siRNA on the AngII-induced mitochondrial permeability. Green fluorescence indicated the cells with a low Δaem, while red fluorescence indicated the cells with a stable Δaem. When the HRPTEpiCs were exposed to Ang II, Δaem was depolarized compared to the control, as indicated by an increase in green fluorescence (Fig. 4) . Pre-treatment with LOX-1 siRNA reduced the effect on Δaem, as indicated by the repression of green fluorescence and the restoration of red fluorescence (Fig. 4) . The effect of Ang II was dependent on LOX-1 function, as LOX-1 siRNA treatment resulted in a significant inhibition of this Ang II-induced apoptotic index.
In order to further ascertain whether the Ang II-induced apoptosis is mediated by LOX-1, the Ang II-treated cells were analyzed biochemically via TUNEL apoptosis assay and evaluated by fluorescence microscopy. As shown in Fig. 5 , the cells incubated with Ang II for 24 h showed an increase in green fluorescence and condensed nuclei, indicating apoptosis. These features were barely observed in the untreated cells or those pre-treated with LOX-1 siRNA. These results Figure 3 . Effect of LOX-1 siRNA treatment on Ang II-induced cell death in HRPTEpiCs. HRPTEpiCs were treated as described in Fig. 2A . Photomicrographs are from phase-contrast microscopy (A). Viability was determined via MTT assay (B) and lactate dehydrogenase (LDH) release (C). Values are the means ± SEM of 3 separate experiments. ▲ P<0.01 vs. control; * P<0.01 vs. Ang II group or Ang II + control siRNA group. Magnification, x400, phase-contrast microscopy.
demonstrate that LOX-1 siRNA inhibits apoptosis in Ang IItreated cells, supporting the hypothesis that Ang II-induced apoptosis is mediated by LOX-1 in these cells.
In order to provide additional support for this hypothesis, we observed the effects of Ang II on the activation of the mitochondrial pathway of apoptosis. Bcl-2 family proteins are upstream regulators of mitochondrial membrane potential. Immunoblotting studies demonstrated that Ang II downregulated the anti-apoptotic (Bcl-2) and stimulated the proapoptotic (Bax) proteins, whereas the pre-treatment with LOX-1 siRNA effectively repressed these Ang II-induced pro-apoptotic events. Based on quantitative analysis, Ang II significantly decreased the Bcl-2-to-Bax ratio, but the addition of LOX-1 siRNA preserved this anti-apoptotic index (Fig. 6A-a) .
It is known that the disruption of mitochondrial membrane function results in the specific release of the mitochondrial enzyme, cytochrome c, into the cytosol. Therefore, mitochondria were separated from the cytosolic fraction and the amount of cytochrome c released into the cytosolic fraction was detected by Western blotting. As shown in Fig. 6A-b , the amount of cytochrome c released was much greater in the HRPTEpiCs that had been incubated with Ang II for 24 h than in the control cells. Pre-treatment with LOX-1 siRNA resulted in a decrease in Ang II-mediated cytochrome c release compared to the control Ang II-treated cells. However, treatment with non-targeting siRNA had no effect on Ang IIdependent cytochrome c levels. These results indicate that that the LOX-1 knockdown prevents the Ang II-induced release of cytochrome c.
Caspase-3 is one of the downstream effectors of the caspase family, and is involved in both the mitochondrial apoptotic and the death receptor pathway. Caspase-3 is synthesized as a precursor protein, pro-caspase-3, which undergoes cleavage and subsequent activation in response to apoptotic stimuli by initiator caspases (including caspase-2, -8, Figure 4 . Effects of LOX-1 siRNA on mitochondrial potential reduction in Ang II-induced HRPTEpiCs. HRPTEpiCs were treated as described in Fig. 2A. (A) The cells were stained with JC-1 probe and imaged by fluorescence microscopy (magnification, x400). Average red and green fluorescence intensities are expressed as the ratio of green to red fluorescence. An increase in the bar indicates a shift in the fluorescence ratio, which signals an increase in mitochondrial depolarization. (B) Quantitative analysis of the shift of mitochondrial orange-red to green fluorescence among the groups. All values are the means ± SEM from 10 independent micrographs from each group.
-9, -10, -11 and -12) (12) . In the present study, we found that the treatment of cells with 10 -6 mol/l Ang II promoted higher levels of cleavage and activation of pro-caspase-3 compared to the control cells in normal culture medium. Additionally, LOX-1 siRNA inhibited pro-caspase-3 cleavage, although it did not completely restore the amount of pro-caspase-3 to the control level (Fig. 6B) .
Interaction between Ang II, LOX-1 and NADPH oxidase.
It is now well accepted that endocrine and paracrine Ang II activates intracellular signaling pathways and induces diverse biological effects via the release of ROS (13) . NADPH oxidase activation is a major source of ROS in renal cells (14) . Therefore, we measured intracellular ROS generation and NADPH oxidase expression in Ang II-induced HRPTEpiCs. As predicted, 10 -6 mol/l Ang II enhanced the expression of NADPH oxidase (the p22phox, p47phox and Nox-4 subunits) and increased dihydrofluorescein (DCF) fluorescence, which reflects intracellular ROS generation.
Previous studies have shown that oxidative stress upregulates the expression and activation of LOX-1, and that the activation of LOX-1 itself can stimulate the formation of ROS (15) . In the present study, the treatment of HRPTEpiCs with apocynin and DPI, 2 NADPH oxidase inhibitors, attenuated the expression of LOX-1 (Fig. 8A) . Here, we also found that LOX-1 siRNA treatment significantly reduced the Ang II-induced expression of NADPH oxidase (all 3 subunits) (Fig. 7A ) and intracellular ROS generation (Fig. 7B) . Non-targeting siRNA had no effect on the Ang II-induced expression of NADPH oxidase and ROS generation. These observations suggest that Ang II, as a mediator of oxidative stress, induces LOX-1 expression, which results in the activation of NADPH oxidase and ROS generation, which in turn up-regulates LOX-1 expression.
Apocynin and DPI also inhibited the expression of ICAM-1 (Fig. 8A) and down-regulated caspase-3 activity (Fig. 8B) , a key factor in the execution of mitochondrial apoptosis. In addition, LOX-1 knockdown reduced ICAM-1 expression, monocyte adhesion and apoptosis. These results demonstrate that Ang II up-regulates the expression of LOX-1 and NADPH oxidase, and that LOX-1 promotes further ROS generation and oxidative functional damage, inducing ICAM-1 expression, cytotoxicity and apoptosis.
Signaling of Ang II-LOX-1-mediated oxidative functional damage.
Certain members of the MAPK family of proteins are activated by the stimulation of LOX-1. These proteins are involved in changing the normally quiescent epithelial phenotype of tubular cells into a pro-inflammatory one, which is characterized by greater epithelial permeability, increased ICAM-1 expression, enhanced leukocyte adherence and apoptosis (2) . Hence, it was logical to test the potential of Ang II in activating and phosphorylating the MAPK proteins, p38 and p44/42, in kidney cells. We measured the expression of the redox-sensitive p38 and p44/42 MAPKs and found that Ang II markedly increased the phosphorylation of both the p38 and p44/42 MAPKs at 20 min (P<0.01). This phosphorylation was inhibited by the addition of LOX-1 siRNA.
Non-targeting siRNA had no effect (Fig. 9) . In order to determine whether the anti-oxidative pathway plays a role in Ang II-mediated signaling cascades, apocynin and DPI were used to pre-treat renal tubular epithelial cells before MAPK protein level determination. Apocynin and DPI also significantly reduced the phospho-p38 and -p44/42 protein levels in the Ang II-treated cells (Fig. 9) . In order to study the intracellular signaling mechanism of the LOX-1-Ang II interaction, the cells were treated with a variety of inhibitors. As shown in Fig. 8 , the treatment of cells with NADPH oxidase inhibitors (apocynin and DPI), p44/42 MAPK inhibitors (U0126 and PD98059), or p38 MAPK inhibitors (SB203580 and SB202190) reduced the expression of ICAM-1 (Fig. 8A) and suppressed caspase-3 activity (Fig. 8B) . Importantly, the Ang II-mediated upregulation of LOX-1 was inhibited by NADPH oxidase inhibitors, but not by MAPK inhibitors (Fig. 8A) , indicating that NADPH oxidase activation plays a significant role in Ang II-mediated LOX-1 expression, and that NADPH oxidase activation is upstream of MAPKs. 
Discussion
Many studies have demonstrated the inappropriate activation of the intrarenal renin-angiotensin system and the overexpression of LOX-1 in the progression of renal diseases (1, 16) . It has been shown that the local AT1 receptor (AT1r) activation by Ang II causes the up-regulation/activation of NAD(P)H oxidase and oxidative stress in kidney and cardiovascular tissues (17) . In addition, Ang II has been found to promote the activation of NF-κB and the production of proinflammatory cytokines, chemokines, growth factors and adhesion molecules, which cause inflammation and fibrosis (18, 19) . In the present study, we demonstrate that tubular epithelial cells exposed to Ang II transform from a normally quiescent epithelial phenotype to a pro-inflammatory one, which is characterized by increased ICAM-1 and LOX-1 expression, enhanced leukocyte adherence, greater epithelial permeability and apoptosis. Ang II is a major stimulator of LOX-1 gene expression in HCAECs. LOX-1 gene expression is up-regulated both transcriptionally and translationally. NF-κB is the major transcription factor for Ang II-induced LOX-1 promoter activation (6) . LOX-1 is also found in cardiac fibroblasts and renal proximal tubules (2, 15) . However, it is not clear whether the LOX-1 gene expression in renal tubular epithelial cells is up-regulated by Ang II. In the present study, we demonstrate that Ang II enhances LOX-1 expression, at both the gene and protein levels in HRPTEpiCs. This induction of LOX-1 expression occurs in a dose-and time-dependent fashion. However, the role of LOX-1 in the Ang II-induced dysfunction of renal tubular epithelial cells is unclear. Certain studies have reported that LOX-1 deletion reduces renal injury induced by Ang II infusion, suggesting that LOX-1 is a key modulator in the development of Ang II-induced hypertension and subsequent renal damage (10) . Our study also provides evidence that LOX-1 plays an important role in Ang II-induced epithelial dysfunction in cultured HRPTEpiCs.
Evidence has shown that the Ang II-induced ICAM-1 expression and macrophage activation, as indicators of inflammation, contributed to aortic fibrosis and renal dysfunction of Ang II hypertensive rats (5, 20) . ICAM-1 (or CD54), best known for promoting neutrophil traffic across the endothelial barrier (21, 22) , is a specific component of LOX-1-mediated inflammatory vascular responses in vitro (23) and in vivo (24) . ICAM-1 is a cell-surface protein typically stimulated by cytokines, cell stress, and oxidants (20, 25) . Dominguez et al showed that the levels of ICAM-1 which participate in leukocyte migration and epithelial dedifferentiation, were also found to be up-regulated in the tubules of diabetic obese rats and that this alteration was associated with LOX-1 expression induction (4) . In the present study, the transfection with LOX-1 siRNA was able to attenuate both the Ang II-induced ICAM-1 expression and the adhesion between the monocytes and the HRPTEpiCs.
We observed that NADPH oxidase expression was also greatly increased in the HRPTEpiCs after treatment with Ang II. This was confirmed in the present study by the examination of NADPH oxidase (the p22phox, p47phox and Nox4 subunits) expression and the direct measurement of intracellular ROS by using DCF fluorescence. The modulation of biological signaling pathways by ROS depends on the upstream ligand-dependent stimulation of ROS production and on the specific interactions of ROS with individual downstream pathways. However, NADPH oxidases are especially important due to their primary role as modulators of redox signaling (26) . In the present study, we found that the inhibition of NADPH oxidase by apocynin or DPI reduced adhesion molecule expression and monocytic adherence. All of these findings strongly indicate that the ICAM-1 up-regulation is promoted by oxidative stress as a direct consequence of LOX-1 activation, and that LOX-1 mediates the oxidative and inflammatory effects of Ang II in HRPTEpiCs. The inhibition of NADPH oxidase also inhibited LOX-1 expression and the pre-treatment of the HRPTEpiCs with LOX-1 siRNA reduced the Ang II-induced up-regulation of NADPH oxidase (the p22phox, p47phox and Nox4 subunits). Thus, Ang II induces LOX-1 expression, which activates NADPH oxidase-mediated ROS generation, and which in turn up-regulates LOX-1 expression. These observations provide compelling evidence for a positive feedback loop involving Ang II, NADPH oxidase-mediated ROS generation, and LOX-1.
ROS are important mediators of apoptosis. ROS generation is often responsible for the mitochondria-mediated signaling pathway of apoptosis (27) . In the present study, we found that the ROS generation was the earliest apoptotic signal, usually occurring within 15 min after the addition of Ang II. In addition, ROS have been shown to activate LOX-1 and the LOX-1 activation itself leads to ROS generation. Here, we also demonstrate that LOX-1 knockdown reduces ROS generation in HRPTEpiCs.
Studies have shown that oxLDL leads to endothelial apoptosis in a Bcl-2-and caspase-9-dependent manner. This pro-apoptotic effect of oxLDL can be blocked by a LOX-1 antibody and LOX-1 antisense oligonucleotides (28, 29) . Previous studies have demonstrated that both Ang II and oxLDL stimulate intracellular oxidative stress and induce the expression of LOX-1 in endothelial cells (30, 31) . Here, we investigate the involvement of LOX-1 in Ang II-induced oxidative stress and apoptosis. In mammalian cells, apoptotic stimuli cause cytochrome c release from the mitochondria, inducing a series of biochemical reactions, that ultimately result in caspase activation and subsequent cell death (32) . Cytochrome c release is known to be regulated by Bcl-2 family proteins, including Bcl-2 and Bcl-xL. These proteins bind to the mitochondrial outer membrane and block cytochrome c efflux (33) . The results presented in this study provide evidence that Ang II induces apoptosis in HRPTEpiCs by triggering the mitochondrial apoptosis pathway, resulting in the down-regulation of the anti-apoptotic (Bcl-2) and in the up-regulation of the pro-apoptotic (Bax) proteins, the release of mitochondrial protein cytochrome c and the activation of caspase-3. These alterations were prevented by LOX siRNA and NADPH oxidase inhibitors.
MAPK signaling pathways are activated by multiple cellular stress signals, including oxidative stress and inflammatory cytokines, and play a vital role in tubular epithelial apoptosis, inflammation and renal injury (2, 34) . Previous studies have shown that redox-sensitive transcription factors such as NF-κB are activated via signaling pathways that include p38 and p44/42 MAPK (9,34). The LOX-1 activation by oxLDL and Ang II enhances oxidative stress and intense oxidative stress further stimulates MAPKs and redox-sensitive transcription factors such as NF-κB (20, 31) . These events are followed by the the up-regulation of genes such as ICAM-1 and MCP-1, leading to cellular dysfunction, apoptosis, cell injury, monocyte adhesion and activation and eventually atherosclerosis (34, 35) . Thus, we examined the role of redoxsensitive MAPKs in Ang II-mediated inflammation and apoptosis. HRPTEpiCs treated with Ang II did not exhibit any changes in p38 or p44/42 MAPK protein levels. However, the phosphorylation of these proteins was increased 2-3-fold. MAPK phosphorylation was blocked when the cells were treated with NADPH oxidase inhibitors or LOX-1 siRNA. On the contrary, pre-treatment with MAPK inhibitors significantly reduced ICAM-1 expression, monocytic adherence and caspase-3 activation in the Ang II-induced HRPTEpiCs. These observations suggest that Ang II rapidly elevates ROS levels, and then multiple downstream events are activated via secondary messengers, including the phosphorylation of p38 MAPK or ERK. Both of these proteins can then cause NF-κB activation, enabling its nuclear translocation and subsequent regulation of pro-inflammatory gene expression (2, 36) . The pre-treatment with MAPK inhibitors had no effect on LOX-1 expression in the Ang II-induced HRPTEpiCs, suggesting that MAPK activation is downstream of ROS generation in response to Ang II/NADPH oxidase/LOX-1 induction.
In summary, the results of our experiments indicate that Ang II enhances LOX-1 expression and oxidative stress in proximal renal tubular epithelial cells, and that the activation of the MAPK pathway occurs downstream of the Ang II/ ROS/LOX-1 cascade. Our data also demonstrate a new role for LOX-1 as a mediator of Ang II-induced oxidative functional damage, providing a new target for the treatment of renal disease.
